In this study, we aimed to estimate and compare the genetic parameters of dry matter intake (DMI), energycorrected milk (ECM), and body weight (BW) as 3 feed efficiency-related traits across lactation in 3 dairy cattle breeds (Holstein, Nordic Red, and Jersey). The analyses were based on weekly records of DMI, ECM, and BW per cow across lactation for 842 primiparous Holstein cows, 746 primiparous Nordic Red cows, and 378 primiparous Jersey cows. A random regression model was applied to estimate variance components and genetic parameters for DMI, ECM, and BW in each lactation week within each breed. Phenotypic means of DMI, ECM, and BW observations across lactation showed to be in very similar patterns between breeds, whereas breed differences lay in the average level of DMI, ECM, and BW. Generally, for all studied breeds, the heritability for DMI ranged from 0.2 to 0.4 across lactation and was in a range similar to the heritability for ECM. The heritability for BW ranged from 0.4 to 0.6 across lactation, higher than the heritability for DMI or ECM. Among the studied breeds, the heritability estimates for DMI shared a very similar range between breeds, whereas the heritability estimates for ECM tended to be different between breeds. For BW, the heritability estimates also tended to follow a similar range between breeds. Among the studied traits, the genetic variance and heritability for DMI varied across lactation, and the genetic correlations between DMI at different lactation stages were less than unity, indicating a genetic heterogeneity of feed intake across lactation in dairy cattle. In contrast, BW was the most genetically consistent trait across lactation, where BW among all lactation weeks was highly correlated. Genetic correlations between DMI, ECM, and BW changed across lactation, especially in early lactation. Energy-corrected milk had a low genetic correlation with both DMI and BW at the beginning of lactation, whereas ECM was highly correlated with DMI in mid and late lactation. Based on our results, genetic heterogeneity of DMI, ECM, and BW across lactation generally was observed in all studied dairy breeds, especially for DMI, which should be carefully considered for the recording strategy of these traits. The genetic correlations between DMI, ECM, and BW changed across lactation and followed similar patterns between breeds.
INTRODUCTION
The widely recognized genetic variation in feed efficiency (FE) has opened up possibilities for genetically improving the FE of dairy cattle to increase the profitability of dairy production and to reduce the ecological footprint. In the interest of including FE in breeding goals, genetic parameters for FE-related traits, as the important "toolbox" to initiate selection, have recently been studied in several dairy cattle populations worldwide (e.g., Liinamo et al., 2012; Berry et al., 2014; Manzanilla-Pech et al., 2016) . Some consensus has been reached among the studies in genetic variation and genetic parameters for FE, whereas potential differences between breeds, parities, and even different lactation stages have also been reported (Spurlock et al., 2012; Manzanilla Pech et al., 2014b; Li et al., 2016) .
Two key questions have been widely discussed in previous studies of the genetic parameters of FE-related traits in dairy cattle. The first question focused on the genetic variation and heritability of FE-related traits. From recent studies, the DMI of dairy cows, as the key component of all available FE traits in dairy cattle, was reported with moderate heritability that could vary across lactation (e.g., Koenen and Veerkamp, 1998; Manzanilla Pech et al., 2014b; Li et al., 2016) . The potential genetic heterogeneity of feed intake across lactation stages has been observed, where feed intake between early and middle lactation was found to be in low or even negative genetic correlation (Buttchereit et al., 2011; Manzanilla Pech et al., 2014b; Tetens et al., 2014) . The second question focused on the genetic relationships between feed intake and production or functional traits to draw a picture of the correlated responses and to assess indicator traits for FE. In Holstein cows, the genetic correlation between feed intake and milk production was shown to change across lactation, with a positive correlation at mid and late lactation but a low or even negative correlation in early lactation (Hüttmann et al., 2009; Buttchereit et al., 2011; Liinamo et al., 2012; Manzanilla Pech et al., 2014b) . The genetic correlation between feed intake and BW was also shown to vary across lactation in Holstein cows (Veerkamp and Thompson, 1999; Spurlock et al., 2012; Manzanilla Pech et al., 2014b) . Findings from recent studies have reached some consensus for the answers to these key questions. However, it remains a challenge to obtain accurate or detailed estimates across lactation, primarily due to the constraint of data sizes or lack of records across the entire lactation.
Another challenge is obtaining sufficient genetic information in non-Holstein populations for FE. Studies of the genetics of FE in the 1980s demonstrated between-breeds or selection-line variation in feed intake as the first impression of genetic differences in feed consumption (Korver, 1988) . Over the years, due to considerable genetic progress, the results from old studies may no longer be fully relevant to modern dairy populations of high genetic merit . Recent genetic studies of FE have mostly focused on Holstein cows (e.g., Berry et al., 2014; . Breeds other than Holstein (e.g., Jersey and Nordic Red, RDC) are economically important breeds globally and locally and may have important genetic value with respect to FE. Good knowledge of the genetic parameters for FE-related traits in multiple dairy breeds would benefit diverse selection purposes in dairy production (e.g., genetic evaluation and improvement of different breeds, across-breeds genomic evaluation).
The breeding and feeding systems are similar among research herds in Nordic countries. For this study, we combined FE-related data across lactation from research herds in Denmark, Finland, and Sweden for 3 dairy breeds (Holstein, RDC, and Jersey). The objectives of this study were to estimate and compare the genetic parameters of DMI, ECM, and BW across first lactation in 3 dairy breeds. In addition, genetic correlations between DMI, ECM, and BW were estimated across lactation in these dairy breeds.
MATERIALS AND METHODS

Animals, Feeding, and Data Recording
Cows in our study were from 6 research herds from Denmark, Finland, and Sweden comprising 3 dairy breeds: Holstein, RDC, and Jersey. The research herds were located at the Danish Cattle Research Center (DCRC, Foulum) and the Ammitsbøl Skovgaard research herd (Skovgaard, Vejle) in Denmark, at the Natural Resources Institute Finland past research herd (Rehtijärvi, Jokioinen) and current research herd (Minkiö, Jokioinen) in Finland, and at the Swedish University of Agricultural Sciences research herd (Kungsängen, Uppsala) and Öjebyn research herd (Öjebyn) in Sweden. The studied cows calved between 1991 and 2015 for Holstein cows, between 1994 and 2015 for RDC cows, and between 1995 and 2015 for Jersey cows. Pedigree information was extracted from the Nordic Cattle Genetic Evaluation (NAV, Skejby, Denmark) database by tracing back as many generations as possible for cows with records. The cows studied by Li et al. (2016 Li et al. ( , 2017 were part of the data in this study.
The cows were involved in several nutrition experiments within research herds. The feeding information in the trials has been described in detail in previous studies (Mäntysaari et al., 2003 Nielsen et al., 2003; Løvendahl et al., 2010; Løvendahl and Chagunda, 2011; Mäntysaari and Mäntysaari, 2015; Byskov et al., 2017) . Feed offered to cows and feed refusals were measured individually to calculate the feed intake per cow. The DM contents in TMR and concentrates were analyzed regularly, and the compositions were aligned and merged with feed intake records to obtain daily DMI values per cow. A weekly average DMI per cow was calculated as the average of daily DMI records in each lactation week.
Milking and milk yield recordings were described in previous studies (Mäntysaari et al., 2003 Nielsen et al., 2003; Løvendahl et al., 2010; Løvendahl and Chagunda, 2011; Mäntysaari and Mäntysaari, 2015; Byskov et al., 2017; Li et al., 2017) . A weekly observation of average daily milk yield per cow was obtained from the average of daily milk yield records per cow in each week. Milk samples were taken regularly for analyses of fat, protein, and lactose content (Mäntysaari et al., 2003 Løvendahl et al., 2010) . The average daily ECM (kg) per cow in each lactation week was calculated from average daily milk yield (kg) and milk composition (g/ kg) using the formula by Sjaunja et al. (1990) : ECM (kg) = milk yield (kg) × {[38.30 × fat content (g/kg) + 24.20 × protein content (g/kg) + 16.54 × lactose content (g/kg) + 20.7]/3,140}. Cows were weighed on a 10013 weekly basis in some research herds. In other research herds cows were automatically weighed at each milking so that BW records were averaged to obtain a weekly record of BW per cow in each week (Mäntysaari et al., 2003 Nielsen et al., 2003; Løvendahl et al., 2010; Mäntysaari and Mäntysaari, 2015; Li et al., 2017) .
Data Editing
The original data set consisted of 160,488 weekly records of DMI, ECM, and BW across lactation for 2,720 dairy cows across breeds and parities. From the original data set, primiparous Holstein, RDC, and Jersey cows were extracted for the current study. For Holsteins and Jerseys, cows' weekly records from lactation wk 1 to 44 were included in the analyses, corresponding to the typical 305-d lactation. For RDC, cows' weekly records from lactation wk 1 to 32 were studied due to sparse records in later lactation weeks in some research herds. Cows with fewer than 4 weekly records of DMI, ECM, and BW during the studied lactation periods were removed from the data set. A few cows with a calving age of more than 38 mo at first calving were also removed from the data set. The age at first calving ranged from 24 to 38 mo, 25 to 38 mo, and 24 to 36 mo for Holstein, RDC, and Jersey cows, respectively. After data editing, a total of 30,717 records of 842 primiparous Holstein cows from 3 research herds in Denmark and Sweden (DCRC, Skovgaard, and Öjebyn herds), 21,279 records of 746 primiparous RDC cows from 5 research herds from all 3 countries (Rehtijärvi, Minkiö, Kungsängen, DCRC, and Skovgaard herds), and 14,021 records of 378 primiparous Jersey cows from 2 research herds in Denmark (DCRC and Skovgaard herds) were included in the statistical analyses. Cows were recorded with weekly records of DMI, ECM, and BW across lactation (Table 1) .
Statistical Analyses
The analyses were carried out separately for each breed. Within each breed, variance components for weekly observations of DMI, ECM, and BW across lactation were estimated using the following random regression model for each trait: where y jklmp is the weekly observation of DMI, ECM, or BW in lactation week (Lactwk) m for cow p, where cow p is in herd and trial (Herd-Trial) j at calving age (CA) k and in the year-season of calving (YSC) l; u is the intercept for DMI, ECM, or BW; Herd-Trial j is the fixed effect of herd and trial for the cow; the trials were herd-specific, and some Herd-Trial j could be shared across breeds (j = 1 to 29 for Holstein cows; j = 1 to 16 for RDC cows; j = 1 to 14 for Jersey cows); CA k is the fixed effect of calving age in months, where the calving age of Holstein, RDC, and Jersey cows ranged from 24 to 38, 25 to 38, and 24 to 36 mo, respectively; YSC l is the fixed effect of year-season of calving, where 4 seasons were defined (March to May, June to August, September to November, and December to February; l = 1 to 22 for Holstein cows, l = 1 to 45 for RDC cows, and l = 1 to 39 for Jersey cows); and Lactwk m accounts for the fixed effect of lactation week (m = 1 to 44 for Holstein and Jersey cows; m = 1 to 32 for RDC cows). Random regression terms were used to describe the cows' additive genetic effect and permanent environmental effect. The a np and pe np are the nth regression coefficients of the Legendre polynomial for the random additive genetic effect and the random permanent environmental effect, respectively, for cow p; and ϕ n is the nth covariable of the second-order Legendre polynomial for the week of lactation. The analyses failed to converge when higher order polynomials were fitted for animal and permanent environmental effects; e jklmp is the random residual, which was assumed to have heterogeneous variances across lactation (every 4 consecutive lactation weeks was set as 1 class).
The variance components were estimated by an average information-restricted maximum likelihood algorithm (Jensen et al., 1997) implemented in the software DMU (Madsen and Jensen, 2013) . Within each breed, estimates of variance components were used to calculate heritability for DMI, ECM, and BW for each trait in each lactation week. Genetic correlations for each trait between different lactation weeks were calculated for DMI, ECM, and BW across lactation. In addition, genetic correlations between DMI, ECM, and BW at the same lactation week were estimated in Holstein and RDC cows using bivariate analyses by applying the same random regression model as for single trait analyses. The bivariate analyses between DMI, ECM, and BW were not performed for Jersey cows due to the small amount of data available.
RESULTS
Phenotypic Means of DMI, ECM, and BW in Holstein, RDC, and Jersey Cows
Cows of different breeds followed a similar pattern of phenotypic means of daily DMI over lactation, and the breed difference was in the level of phenotypic means (Figure 1) . Generally, the average daily DMI in all 3 breeds increased from the beginning of lactation until reaching a relatively steady level not earlier than lactation wk 11. Holstein cows had the highest level of average daily DMI among the 3 breeds, and Jersey cows had the lowest level of DMI. More specifically, the average daily DMI of Holstein cows increased from 12.1 kg/d (in wk 1) to 20.0 kg/d (in wk 14) and remained quite constant afterward. The RDC cows had an average daily DMI similar to Holstein cows at the beginning of lactation (12.5 kg/d in wk 1) but tended to have lower DMI than Holstein cows afterward.
The pattern of average daily ECM over the course of lactation was similar in 3 breeds ( Figure 1 ). The ECM yield increased in early lactation and peaked in wk 7 (for RDC and Jersey cows) or wk 8 (for Holstein cows), followed by a gradual decrease in yield. Among the 3 breeds, Holsteins and Jerseys had the highest and lowest levels of average daily ECM over lactation, respectively.
As for BW, Holstein and RDC cows had a similar level of average BW compared with Jersey cows, which had a significantly lower level ( Figure 1 ). Loss of BW occurred at the beginning of lactation in all 3 breeds, and the nadir of the BW curve appeared in wk 5 in Holstein cows, in wk 6 in RDC cows, and in wk 7 in Jersey cows. The total loss of BW from wk 1 to the nadir was on average 23.4, 17.1, and 22.1 kg for Holstein, RDC, and Jersey cows, respectively. After the nadir point, the cows' BW were regained gradually to the original level of BW (i.e., BW in wk 1) in wk 16 for all breeds and followed by continuous BW gains. After the nadir, BW increased slightly faster in Holsteins compared with the other 2 breeds.
Variance Components and Heritability of DMI, ECM, and BW Across Lactation
The genetic variances for DMI tended to increase over lactation, whereas the permanent environmental variances were relatively stable over lactation. The residual variance for DMI was slightly higher at the beginning of lactation than later in the lactation. The heritability for DMI followed a similar trajectory over lactation for the 3 breeds and tended to increase from early lactation to later lactation stages ( Figure 2) . The heritability estimates ranged from 0.30 to 0.55 (mean SE = 0.06) in Holstein cows across 44 wk, 0.20 to 0.48 (mean SE = 0.08) in RDC cows across 32 wk, and 0.17 to 0.52 (mean SE = 0.10) in Jersey cows across 44 wk. There was no significant breed difference in heritability for DMI (P > 0.05).
The genetic variance and the residual variance for ECM were higher at the beginning of lactation than at later lactation stages. The permanent environmental variance for ECM tended to increase over lactation.
The heritability for ECM was moderate and tended to differ among breeds ( Figure 2 ). However, differences in heritability estimates between breeds were not statistically significant in this study (P > 0.05). In Holstein and RDC cows, the heritability of ECM was relatively stable over lactation, ranging from 0.26 to 0.37 (mean SE = 0.06) in Holstein cows across 44 wk and from 0.33 to 0.49 (SE = 0.08) in RDC cows across 32 wk. The heritability of ECM in Jersey cows showed a tendency of increase over lactation (from 0.14 to 0.53) but with fairly large standard errors (mean SE = 0.11).
The genetic variances for BW increased over lactation, whereas the permanent environmental variances were relatively stable over lactation. The residual variance for BW was higher at the beginning of lactation than at later lactation. The heritability for BW was higher than the heritability for DMI or ECM in all 3 breeds ( Figure 2 ). Heritability for BW in Holstein and Jersey cows was fairly similar and stable across lactation, ranging from 0.49 to 0.63 in Holsteins (mean SE = 0.08) and 0.46 to 0.61 in Jerseys (mean SE = 0.12). The heritability of BW in RDC was from 0.32 to 0.53 over 32 wk (mean SE = 0.10), which was not significantly different from the heritability for BW in the Holstein or Jersey breeds (P > 0.05).
Genetic Correlations Within DMI, ECM, and BW Across Lactation in 3 Dairy Breeds
The genetic correlations between DMI at different lactation stages were less than unity ( Figure 3A) , indicating a genetic heterogeneity of feed intake across lactation. Low or even negative genetic correlations were observed for DMI between early lactation and the mid or late lactation stages, with the lowest values for Holstein, RDC, and Jersey of 0.0, −0.27, and −0.15, respectively. However, DMI within mid and late lactation stages generally showed a high genetic correlation. Compared with DMI, ECM showed less genetic heterogeneity across lactation in all breeds, although ECM in early and later lactation stages was still shown to be genetically different, with the lowest genetic correlation at approximately 0.5 ( Figure 3B ). In contrast, BW was shown to be the most consistent trait across lactation for all breeds, where BW in all weeks was highly correlated ( Figure 3C ). The genetic correlations for BW across lactation were higher than 0.74, 0.61, and 0.67 in Holstein, RDC, and Jersey cows, respectively.
Genetic Correlations Between DMI, ECM, and BW in the Same Week of Lactation
Genetic correlations between DMI, ECM, and BW changed over lactation (Figure 4) , and the correlations The mean SE of heritability for DMI was 0.06, 0.08, and 0.10 in HOL, RDC, and JER, respectively. The mean SE of heritability for ECM was 0.06, 0.08, and 0.11 in HOL, RDC, and JER, respectively. The mean SE of heritability for BW was 0.08, 0.10, and 0.12 in HOL, RDC, and JER, respectively. changed considerably more in early lactation compared with mid and late lactation. The trajectories of the correlations over lactation followed similar patterns in Holstein and RDC cows. In both breeds, cows' DMI and ECM were genetically weakly correlated at the beginning of lactation (0.24 for Holstein cows and 0.16 for RDC cows). After the beginning of lactation the correlation between DMI and ECM increased to 0.80 in wk 14 in Holstein cows, and it remained above 0.80 until the end of lactation. Similarly, in RDC cows, the genetic correlation between DMI and ECM continued to increase from early lactation and peaked in wk 16 with a correlation of 0.67; the correlation remained above 0.50 until wk 32. The genetic correlation between cows' BW and ECM was low but positive at the beginning of lactation and decreased to become slightly negative in later lactation stages in both Holstein and RDC cows (Figure 4) .
The genetic correlations between DMI and BW in Holstein and RDC cows had a very similar pattern over lactation (Figure 4) . In both breeds, the correlation between DMI and BW increased from the beginning of lactation and peaked in wk 7 (with correlation at approximately 0.7), followed by a gradual decrease. The correlations remained positive during the entire lactation.
DISCUSSION
Breed Similarity and Difference in DMI, ECM, and BW Across Lactation
Phenotypic Observations. Cows of different breeds shared very similar patterns of lactation trajectories for phenotypic means of DMI, ECM, and BW. Immediately after calving, cows' average daily DMI and ECM both increased but at different rates. The average daily ECM increased sharply to peak at lactation wk 7 or 8 in all 3 breeds, whereas DMI reached a relatively high stable level no earlier than wk 11 and peaked even later. In dairy cattle, the slower increase in feed intake relative to milk yield in early lactation has been widely recognized, and it explained the deficiency of energy intake for milk production in early lactation as well as the body reserve mobilization of dairy cows (e.g., Berglund and Danell, 1987; Mao et al., 2004; Banos and Coffey, 2010) . In our results, the observed BW loss in early lactation also reflected the occurrence of body reserve mobilization in all 3 dairy breeds, where the nadir of the BW curve appeared just before the ECM peaked, which was consistent with Søndergaard et al. (2002) . In addition, cows of different breeds differed in the amount of BW loss from the beginning of lactation to the nadir of BW. Our study showed that Holstein cows and RDC cows had the highest and lowest BW loss, respectively, which was in agreement with Søndergaard et al. (2002) .
Heritability. In most studies, including ours, the heritability estimates for feed intake in dairy cattle were moderate and in the same range as the heritability for milk yield, whereas heritability for BW was moderate to high and was higher than the heritability for DMI or yield (Karacaören et al., 2006; Vallimont et al., 2010; Spurlock et al., 2012) . The ranges of heritability for DMI and ECM in this study agreed with those found in previous studies in Holstein cows (e.g., Spurlock et al., 2012; Berry et al., 2014; Manzanilla Pech et al., 2014b) . The heritability estimate for ECM in RDC was higher in this study compared with the estimate of RDC by Liinamo et al. (2015) . The latter study included only RDC cows from Finland, whereas in this study the RDC cows were from Denmark, Finland, and Sweden; of these, Danish RDC is highly genetically diverse, which might explain our findings. The heritability for DMI in Jerseys across the whole lactation period (44 wk) was to our knowledge first addressed in this study, where our results indicated very similar heritability for DMI in Jerseys and in Holsteins. In this study the data of Jersey cows were only from Danish herds because the Jersey breed is mainly populated in Denmark among Nordic countries. Further studies with larger data sets and from more data sources would be needed to obtain accurate estimates of genetic parameters for Jerseys and the breed similarity or difference between Jerseys and other dairy breeds.
Genetic Heterogeneity of DMI, ECM, and BW Across Lactation
Feed intake for dairy cows was genetically not the same trait across lactation, where the genetic correlations for DMI between early lactation and later lactation stages were found to be far from unity (e.g., Koenen and Veerkamp, 1998; Berry et al., 2007; Liinamo et al., 2012) . Our study confirmed the genetic heterogeneity of DMI across lactation in Holstein and RDC dairy cows and observed the same phenomenon across lactation in Jersey cows. In all 3 breeds, DMI in middle and late lactation was generally highly correlated, in agreement with previous studies on the Holstein breed (Manzanilla Pech et al., 2014b) .
In practice, the genetic heterogeneity of DMI across lactation needs to be carefully considered in any recording and selection strategy for FE. Due to the low genetic correlation for DMI between early and later lactation stages, DMI measurements in middle or late lactation cannot be strong predictors of DMI in early lactation and vice versa. To improve FE across lactation, it might be necessary to take DMI records from separate time points across all lactation stages. Apart from recording in middle and late lactation, a few DMI records in early lactation would also be recommended because DMI in early lactation is a different trait from DMI in later lactation. Manzanilla Pech et al. (2014a) estimated the accuracy of DMI breeding values using various recording schemes for DMI and found that higher accuracy was achieved when DMI was recorded at several lactation stages, when the number of measurements was limited across lactation (Manzanilla Pech et al., 2014a) .
The genetic heterogeneity of DMI across lactation should also be considered when joining data from dif-ferent sources. To accumulate sufficient data for genetic and genomic evaluation for FE, feed intake data were usually collected or combined from several herds and experiments within or across countries (e.g., Berry et al., 2014; de Haas et al., 2015) . The joint data for FE could be heterogeneous in many aspects-for example, due to the difference in feeding systems, recording periods, or the number of repeated measurements (Hardie et al., 2015; Tempelman et al., 2015; Veerkamp et al., 2015) . When joint data come from different lactation periods, the heterogeneity of feed intake across lactation stages may need to be considered before genetic evaluation. Data standardization might be needed in this situation to calibrate data from different lactation periods . One method of standardization could be based on a random regression prediction of records for a cow using the cow's own repeated records and the covariance structure in the population (Banos et al., 2012; Berry et al., 2014; Veerkamp et al., 2015) . Alternatively, feed intake from different lactation stages could also be defined as different traits, where a multiple-trait model could be applied in the genetic analyses.
Compared with feed intake, ECM showed much less genetic heterogeneity across lactation in all 3 breeds, although ECM at the beginning of lactation was still not exactly the same trait as ECM in mid or late lactation. Our findings are consistent with Hüttmann et al. (2009) and Manzanilla Pech et al. (2014b) for Holstein cows and with Liinamo et al. (2012) for RDC cows. The correlations for BW remained high across lactation in our study, in agreement with the findings of previous studies in Holstein cows (Koenen and Veerkamp, 1998; Hüttmann et al., 2009; Manzanilla Pech et al., 2014b) and RDC cows . Considering the high genetic consistency of BW across lactation, the number of repeated measurements of BW per cow across lactation could be reduced when recording BW in practice. However, a certain number of measurements of BW across lactation might still be needed to study cows' BW change.
Dynamics of Genetic Correlations Between DMI, ECM, and BW Across Lactation
First, it is important to realize that the observed relationships between DMI, ECM, and BW came from a complex metabolic system of lactation and the growth of dairy cattle. The genetic relationships between DMI, ECM, and BW do not stand alone in the system but rather are simultaneously linked to other body functions in the energy metabolic system (e.g., Hüttmann et al., 2009; Vallimont et al., 2010; Manzanilla-Pech et al., 2016) . The energy intake and allocation at one time point affect several correlated responses that may also be expressed later. Therefore, several FE-related traits [e.g., feed intake, yield, BW, BCS, energy balance (EB), fertility] should be considered simultaneously to avoid the perceived gain from improvement of one trait being counteracted by undesirable correlated responses in other traits (Veerkamp, 1998) . Additionally, changes in the relationship between FE-related traits over lactation should be considered, factoring in the potential genetic heterogeneity of these traits across lactation (Hüttmann et al., 2009; Liinamo et al., 2012; Manzanilla Pech et al., 2014b) . According to our results, the genetic correlations between DMI, ECM, and BW were shown to be very different between early lactation and mid and late lactation, indicating differences in the metabolic mechanism for milk production between early lactation and mid and late lactation.
The feed intake of dairy cows was found to be positively correlated with milk yield when accumulated over the entire lactation period (Veerkamp, 1998; Vallimont et al., 2010; Manzanilla-Pech et al., 2016) , indicating that selection for milk yield would concurrently increase DMI. However, recent studies, including ours, showed that the genetic correlation between DMI and ECM in early lactation is low (Hüttmann et al., 2009; Spurlock et al., 2012) or even slightly negative (Karacaören et al., 2006; Manzanilla Pech et al., 2014b) . The low correlation between DMI and ECM in early lactation indicated that selection for higher milk yield may lead to only a small genetic change in cows' feed intake in the initial period of lactation and vice versa. This implies an increased negative EB in the case of exclusive breeding for milk yield (Hüttmann et al., 2009) . A negative EB has been reported to have an unfavorable genetic correlation with dairy cattle fertility and health (Collard et al., 2000; Veerkamp et al., 2000; Banos and Coffey, 2009) . In this case, EB itself or an EB indicator trait (i.e., BCS) for early lactation should be considered in dairy cattle breeding to avoid a more severe negative EB when selecting for higher yield or FE (e.g., Veerkamp, 1998; Coffey et al., 2002; Liinamo et al., 2012) .
The genetic correlation between cows' DMI and BW was found to be higher than the correlation between DMI and milk yield at the beginning of lactation Spurlock et al., 2012; Manzanilla Pech et al., 2014b) . However, the genetic correlation between DMI and milk yield increased during early lactation, and DMI became highly correlated with milk yield (above 0.7) in middle and late lactation (Hüttmann et al., 2009; Spurlock et al., 2012; Manzanilla Pech et al., 2014b) . The significant increase in the genetic relationship between feed intake and milk yield from early to middle lactation was also observed in Li et al. (2017) , who found a significant increase in the partial efficiency of feed intake on milk yield from the beginning of lactation to approximately lactation wk 12. In contrast, the genetic correlation between DMI and BW was relatively stable and positive throughout the entire lactation period Manzanilla Pech et al., 2014b) , indicating that bigger cows tend to have higher feed intake due to the higher energy required for body maintenance.
The low but positive genetic correlation between ECM and BW at the beginning of lactation-seen in our results and some previous studies (Karacaören et al., 2006; Spurlock et al., 2012; Manzanilla Pech et al., 2014b )-indicated the capacity of larger cows with higher milk yield in the initial part of lactation. However, after the initial lactation weeks, the rapid decrease of the correlation between BW and milk yield was also seen in previous studies (Karacaören et al., 2006; Hüttmann et al., 2009; Liinamo et al., 2012) . The change in genetic correlation between milk yield and BW across lactation could be due to the contribution of body tissue mobilization, where milk yield and BW are both closely associated with body tissue mobilization (Veerkamp, 1998) . Therefore, traits related to body tissue mobilization (e.g., BCS) could be important for understanding the genetic relationships between FErelated traits, especially for early lactation.
CONCLUSIONS
The general patterns of genetic parameters for DMI, ECM, and BW across lactation were similar across dairy cattle breeds (Holstein, RDC, and Jersey). Feed intake was genetically not the same trait across lactation stages, especially between the early and later lactation stages. Measurement of feed intake is recommended to be spread over different lactation stages from the entire lactation, or at least from both early and middle lactation. Compared with feed intake, ECM and BW showed much less genetic heterogeneity across lactation in all 3 breeds. The genetic correlations between DMI, ECM, and BW changed across lactation, but the patterns of change in the genetic correlations between DMI, ECM, and BW were very similar between breeds.
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